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By applying different classical and fast protein liquid chromatographic techniques, three xylanases (13-1,4-D-
xylan xylanhydrolase) were purified to homogeneity from the extracellular enzymatic complex of Bacilus
polymyxa. The three enzymes (X34C, X34E, and X22) were small proteins of34, 34, and 22 kDa and basic pIs 9.3,
>9.3, and 9.0, respectively. X34C and X34E are closely related and seem to be isoforms of the same enzyme.
However, they differ in some characteristics. The three enzymes had different pH and temperature optima. One
of them, X34E, showed a high thermal stability. The V values determined for X34C, X34E, and X22 enzymes
on oat spelts xylan were 14.9, 85.5, and 64.0 U mg , respectively, and 16.1, 62.0, and 150.6 U mg-' on
birchwood xylan. When oat spelts xylan was the substrate used, Km values of 3.4, 2.4, and 1.9 mg ml-' were
obtained for X34C, X34E, and X22 enzymes, respectively, and 0.65, 6.3, and 0.32 mg ml 1 were the respective Km
values determined with birchwood xylan as the substrate. The enzymes were nondebranching endo-j-xylanases.
Xylose was one of the products ofxylan hydrolysis by xylanases X34C and X34E, but this monosaccharide was not
released by X22 enzyme. However, neither of the enzymes was able to degrade xylobiose.
Plant cell walls, the major reservoir of fixed carbon in
nature, have three main polymeric constituents: cellulose
(insoluble fibers of 3-1,4-glucan), hemicellulose (noncellu-
losic polysaccharides including glucans, arabinans, mann-
ans, and xylans), and lignins (with a complex polyphenolic
structure). P-(1,4)-Xylans are heterogeneous polysaccha-
rides found in cell walls of all land plants and in almost all
plant parts. They represent the major hemicellulose in the
primary walls of monocots and account for a substantial
percentage of the total dry weight of wood: 15 to 30% in
angiosperms and 7 to 12% in gymnosperms (21). The hydrol-
ysis of xylan backbone involves ,B-(1,4)-xylanases (1,4-
P-D-xylan xylanhydrolase, EC 3.2.1.8) and P-xylosidases(1,4-p-D-xylan xylohydrolase, EC 3.2.1.37). The diverse
substituents detected in xylose chains are cleaved off by
different enzymes (3).
Many organisms show hemicellulase activities, and one
species can produce more than one enzyme (3, 21). Among
bacteria, Bacillaceae are more extensively used than other
bacteria in industrial fermentations, since they excrete most
of their enzymes (2). Several Bacillus spp. are known to
produce xylanases and ,B-xylosidases, but rather scarce
attention has been paid to Bacillus polymyxa. Sandhu and
Kennedy have reported on the molecular cloning of two B.
polymyxa genes coding for a xylanase (16) and a ,B-xylosi-
dase (17), but nothing is known about the exact nature of
these enzymes. Yang et al. (22), besides cloning and express-
ing a gene coding for a xylanase from this microorganism,
have identified its expression product: a polypeptide of 48
kDa, and a pI of 4.9. These authors also report the presence
of a low-molecular-weight and basic pI active xylanase in
extracellular fluid from B. polymyxa cultures. This seems to
be the commonest xylanase among Bacillus species (21).
Recently, the cloning and sequencing of an enzyme from B.
polymyxa showing xylanase and arabinofuranosidase activ-
ities has also been reported (8). This enzyme exhibits two
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peptide forms of 53 and 64 kDa in Escherichia coli and
Bacillus subtilis clones expressing the activity. Neverthe-
less, the proper characterization of all these xylanases as
well as that of the rest of individual xylanases from B.
polymyxa is still to be done. A first step in this direction was
the work of Pifiaga et al. (14) dealing with the isolation and
characterization of its crude xylanolytic complex.
The present work reports the purification and character-
ization of three xylanases from B. polymyxa: two novel,
closely related alkaline enzymes of 34 kDa and a pI of >9.3,
and a highly active enzyme of 22 kDa and a pl of 9.0,
corresponding to the already mentioned Bacillus species'
most common xylanase type.
MATERALLS AND METHODS
Bacterial culture. B. polymyxa CECT 153 was obtained
from the Spanish Type Culture Collection. For production of
the extracellular xylanolytic complex, B. polymyxa was
grown at 30°C in the Bacillus medium described by Robson
and Chambliss (15). Whole medium (10 liters), adjusted to
pH 7.2 with 0.5 N NaOH and containing 1% xylan (oat spelts
[Sigma]) as a carbon source, was sterilized at 120°C for 30
min, cooled down to 35°C, and inoculated by adding 250 ml
of the bacterium culture in late logarithmic growth phase.
Fermentation was carried out in a 14-liter fermentor (Che-
map AG) under gentle aeration (500 ml min-' liter-') and
agitation (250 rpm). After 72 h, fermentation was discontin-
ued to obtain the cell-free broth.
Separation and concentration of culture liquid. The culture
(10 liters) was microfiltered through a Pellicon Cassette Unit
(Millipore) to obtain the culture broth. This extract was then
concentrated 20-fold (final volume, 450 ml) and dialyzed
through the same unit provided with 10-kDa-molecular-
weight-cutoff membranes. This concentrate was used as the
enzyme source to carry out the purification of enzymes
reported in the study.
Purification of xylanases X34C and X34E. Concentrate (225
ml) obtained as described above was dialyzed against 20 mM
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Tris-HCl buffer (pH 8.0) and fed into a DEAE-Biogel A
column (25 by 4.7 cm) previously equilibrated with the same
buffer. Elution was carried out at a flow rate of 150 ml h-1
with equilibration buffer for the first 850 ml and then a linear
gradient from 0 to 0.72 M NaCl in the same buffer for the rest
of the run. Gel filtration was performed on a Sephadex G-100
superfine column (100 by 3.1 cm). The column was equili-
brated and eluted with water containing 0.1 M NaCl. DEAE-
Biogel A nonadsorbed proteins (400 mg) were desalted,
lyophilized, dissolved in 20 ml of water containing 0.1 M
NaCl, and then fed into the column. Linear flow rate was 9
ml h-1, and fractions were collected every 60 min. Fractions
corresponding to the major peak and showing xylanase
activity were pooled and rechromatographed through the
same gel, with the same buffer but a smaller column (87 by
1.6 cm). In this case linear flow rate was 3.2 ml h-1, and
collected fraction volume was 3.3 ml.
Fast protein liquid chromatography (FPLC) was carried
out with a biocompatible high-pressure liquid chromatogra-
phy (HPLC) system from Kontron. The chromatographic
column was a prepacked Mono S HR 5/5 (Pharmacia).
Eluents used were buffer A (20 mM morpholineethanesulfo-
nic acid [MES]-NaOH, pH 6.7) and buffer B (1 M NaCl in
buffer A). Loop was 200 ,ul. Flow rate was 0.5 ml .min-'.
Sample injection was 200 ,ug of protein. Gradient was 0%
buffer B for 5 min and then increasing buffer B at a linear
gradient of 1% buffer B min-' for 20 min, and the column
was washed with 100% buffer B for 15 min and then
reequilibrated. Fractions containing xylanase X34C (peak C)
were rechromatographed with different conditions. Eluents
used were buffer C (10 mM MES-NaOH, pH 6.7) and buffer
D (1 M NaCl in buffer C). Flow rate was 0.8 ml min-'.
Gradient was a linear gradient from 0 to 25% buffer D in 10
min, an increase in buffer D up to 100% in 5 min, and then
reequilibration. Proteins were monitored at 280 nm, and
fractions were collected manually.
Purification of xylanase X22. Concentrated culture broth
(50 ml) was dialyzed against 20mM MES buffer (pH 6.0) and
fed into a carboxymethyl (CM)-Biogel A column (20.5 by 2.2
cm) previously equilibrated with the same buffer. Elution
was carried out at a linear flow rate of 27 ml h-1 with
equilibration buffer for the first 225 ml and then with 0.5 M
NaCl in the same buffer for the rest of the run. Gel filtration
was performed on a Biogel P60 column (26 by 2 cm). The
column was equilibrated and eluted with water containing
0.1 M NaCl. CM-Biogel A-adsorbed proteins (35.7 mg) were
desalted, lyophilized, dissolved in 4 ml of water containing
0.1 M NaCl, and then fed into the gel filtration column.
Linear flow rate was 16.6 ml h-1, and fractions were
collected every 7.5 min. Fractions corresponding to the
second main peak of xylanase activity were pooled, de-
salted, and lyophilized. FPLC was performed in two steps in
conditions similar to those described above but with the
following modifications: flow was 0.8 ml min-', and elution
was carried out with a linear gradient of 1% buffer B min-1
for 5 min and then a linear gradient from 5% to 100% buffer
B for another 5 min. Buffers were as described for X34
xylanases. In the second step, fractions collected from the
peak that contained xylanase X22 were rechromatographed.
Gel electrophoresis and analytical IEF. Polyacrylamide gels
were prepared by the method of Smith (18) and contained
either 12 or 15% acrylamide. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed
as described previously (10). Isoelectric focusing (IEF) was
carried out on precast gels in the pH range from 3.5 to 9.3
(Pharmacia-LKB) by following the instructions of the man-
ufacturer.
In order to detect xylanase activities, the customary
PAGE of the samples investigated was simultaneously car-
ried out on similar polyacrylamide gels, but water was
replaced by 0.1% oat spelts xylan in water. Immediately
after electrophoresis (3 to 4 h at 16 to 20 mA), SDS was
removed by soaking the gel in 2.5% Triton X-100 for 30 min.
The gel was then incubated in 50 mM succinate buffer (pH
5.4) at 40°C for 30 min, transferred into a staining solution
containing 0.1% Congo red for 30 min, and destained with 1
M NaCl until bands of xylanase activity became visible.
When xylanases of 34 kDa were to be detected, gels were
incubated for 24 h at 37°C. For zymogram analysis of
xylanase activity, IEF gels were sandwiched to 1% agarose
detection gels which contained 0.1% oat spelts xylan in 50
mM succinate buffer (pH 5.4).
Enzyme assays. Xylanase activity was measured by mixing
a volume of an appropriate dilution of the enzyme with a
suspension of xylan (7 mg ml-' final concentration) in 25
mM phosphate buffer (pH 6.5) for xylanases X34C and X22
and 100 mM sodium succinate buffer (pH 5.4) for xylanase
X34E. The mixture was incubated for 20 min at 45°C for
xylanase X34C, 10 min at 50°C for xylanase X34E, and 10 min
at 55°C for xylanase X22. The reducing sugars formed were
measured, as xylose equivalents, by the Somogyi method
(19). Blanks were prepared by incubating enzyme and sub-
strate solutions separately. All assays were performed in
duplicate. One unit of activity was defined as the amount of
enzyme releasing 1 ,umol of reducing sugar equivalent per
min. In some cases remazol brillant blue xylan was used as
substrate at a final concentration of 22 mg ml-1 in buffer (25
mM phosphate). Ethanol up to 1 ml was added to 330 ,u of
reaction mixtures after 15 min of incubation at optimal
temperature, and precipitated xylan was removed by cen-
trifugation (12,200 x g) in a microcentrifuge. The release of
the dye was measured at 590 nm. 3-Xylosidase activity on
p-nitrophenyl-I3-D-xylopyranoside (PNPX) or 4-methylum-
belliferyl-3-D-xyloside (MUX) and ct-L-arabinofuranosidase
activity on p-nitrophenyl-aL-L-arabinofuranoside (PNPAf) or
4-methylumbelliferyl-a-L-arabinopyranoside (MUAp) were
determined as previously described (11). The final concen-
tration of these substrates in reaction mixtures was 2.6 mM.
Measurement of enzyme properties. The thermostability of
xylanase activity was monitored by incubating the enzyme at
a fixed temperature and removing aliquots at intervals to test
the activity. The effect of temperature on the reaction was
assessed by incubating the reaction mixtures at different
temperatures in the range from 20 to 70°C. For the corre-
sponding pH effect study, the universal buffer (boric acid-
citric acid-sodium dihydrogen phosphate) described by
Stauffer (20) was used. pH was adjusted to the desired values
in the range from 3 to 12 by adding the necessary volumes of
0.1 N HCl. Activity measurements were carried out by
incubating at the assay temperature 1-ml mixtures containing
30 mg of oat spelts xylan ml-' and enzyme (0.64 ,ug of
protein X34C, 1 jxg of protein X34E, or 0.29 ,ug of protein X22)
in the appropriate buffer for 10 min (X34E and X22 enzymes)
or 40 min (X34C enzyme).
The effect of substrate concentration on xylanase X34C
activity was studied by measuring the activity in mixtures
containing 0.32 ,ug of enzyme and oat spelts or birchwood
xylans to a final concentration ranging from 1.5 to 36 mg
ml-' in 25 mM phosphate buffer (pH 6.5). Incubations were
performed at 45°C for 20 min. The effect of substrate
concentration on xylanase X34E activity was studied by
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measuring the activity in mixtures containing 0.44 ,ug of
enzyme and oat spelts xylan to a final concentration ranging
from 0.5 to 12 mg ml-' or birchwood xylan in the range from
1.5 to 30 mg ml-1 in 0.1 M succinate buffer (pH 5.4).
Incubations were performed at 50°C for 10 min. In case of
xylanase X22, the mixtures contained 58 ng of enzyme and
oat spelts xylan or birchwood xylan in a concentration range
from 0.75 to 36 mg ml-' in 25 mM phosphate buffer (pH 6.5).
Incubations were performed at 55°C for 15 min.
Enzymatic hydrolysis of xylans and xylooligosaccharides.
The analysis of products of hydrolysis of xylans from
different sources was made by HPLC on a SugarPack 1
column (Waters) placed in an oven. The internal temperature
of the column was adjusted to 40°C, and the external one was
adjusted to 85°C. The eluent used was water, and the flow
rate was 0.5 ml min-'. Twenty-microliter samples from
reaction mixtures were injected. Xylose (from Sigma); xylo-
biose, xylotriose, and xylotetraose (all from Megazyme,
North Rocks, Australia); and arabinose (from Sigma) were
used as standards. Arabinoxylan from sparto grass, arab-
inoxylan from oat spelts (Sigma), arabinoxylan from wheat
flour (Megazyme), acetylxylan from birchwood (Sigma), and
4-O-methyl-D-glucurono-D-xylan (Sigma) were used as sub-
strates. The reaction mixtures containing 11 ,ug of enzyme
X34C or X34E ml-1 or 1.16 ,ug of enzyme X22 ml-l and 30 mg
of each xylan ml-' in 25 mM phosphate buffer (pH 6) were
incubated for 20 h at 42°C. Similar mixtures and hydrolysis
conditions were performed to determine the products of
hydrolysis of xylobiose, xylotriose, and xylotetraose, but in
this case the concentration was 2 mg ml-1 for each xylooli-
gosaccharide.
Analytical methods. Protein concentration was measured
either by the Bradford method (4) or byA280 with albumin as
the standard.
RESULTS
Xylanase production by B. polymyxa. Factors affecting
xylanase production by B. polymyxa have been previously
studied (14). Following the conclusions of that report, the
crude extracellular enzyme complex of B. polymyxa was
isolated as described in Materials and Methods. Short-
incubation-time zymograms developed in SDS-polyacrylam-
ide gels containing xylan showed activities at 22, 48, 60 to 66,
120, and sometimes also at 220 to 240 kDa (14), while
long-incubation-time zymograms (see Materials and Meth-
ods) revealed other xylanase activities at 34 kDa. As far as
the association of pl and xylanolytic activities is concerned,
overlay developed zymograms on IEF gels showed that
xylanolytic activities were distributed into two main regions:
the alkaline one (pI = 8.5 to 10) and the acidic one (pl = 4.0
to 5.0) (results not shown). Moreover, a weak band of
xylanolytic activity was visible at a pl of 6.2.
Purification of xylanases X34C and X34E. In order to
perform a first separation of acidic and alkaline xylanases,
the enzyme complex was subjected to DEAE-Biogel A
chromatography. Two peaks corresponding respectively to
the alkaline nonadsorbed proteins (peak I) and to the acidic
adsorbed proteins (peak II) were obtained. IEF gels showed
that while peak I consists only of alkaline proteins, peak II is
completely deprived of them. In zymogram analysis, strong
xylanase activities were present at 22 kDa in peak I and at 60
to 66 kDa in peak II. Moreover, peak I appeared to be very
rich in a 34-kDa polypeptide exhibiting xylanase activity in
long-time zymogram assays (results not shown).
Xylanases X34C and X34E were purified to homogeneity
a
20.1 20.
FIG. 1. SDS-PAGE analysis of purified xylanases. (a) Lane A,
molecular mass marker proteins; lane B, crude concentrate; lane C,
xylanase X34C; lane D, xylanase X34E. (b) Lane A, molecular mass
marker proteins; lane B, xylanase X22. The numbers to the left are
the values in kilodaltons of the molecular mass marker proteins.
from the protein pool of peak I by sequential size exclusion
and then by ion-exchange FPLC. The basic proteins from
peak I were fed to a Sephadex G-100 superfine column. A
major protein peak containing the main part of the xyl-
anolytic activity was obtained. The presence of some minor
peaks was substantially reduced by rechromatography
through Sephadex G-100 representative fractions of the
major peak. As a last purification step, the 34-kDa enriched
protein fractions were subjected to FPLC through a Mono S
column. Surprisingly, up to five different components (cor-
responding to the peaks named A, B, C, D, and E) were
detected. Active fractions corresponding to peak E were
pooled and rechromatographed, giving only a peak on the
chromatogram. Thus, this pooled fraction could be consid-
ered to contain a pure protein and was called X34E. Active
fractions corresponding to peak C were also pooled and
rechromatographed under different elution conditions (see
Materials and Methods). In this way the xylanase, named
X34C, was successfully separated from other minor protein
contaminants. Pooled fractions from peaks C and E gave
single bands on SDS-PAGE (Fig. 1A), supporting the homo-
geneity of both proteins. By this purification procedure the
specific activity of fractions containing the purified enzymes
was increased only 2-fold for X34C activity and 12-fold for
X34E activity with respect to the crude concentrate. This
could be due to the existence of many xylan-reducing sugar-
releasing activities in the crude concentrate and/or low-
specific-activity values of the purified xylanases in contrast
to other activities. The recovery of activity was also very
low (less than 1%) in both cases, mainly because in all the
purification steps only a few active fractions were pooled in
order to minimize contaminations with minor proteins.
Purification of xylanase X22. Xylanase X22 was purified by
sequential ion-exchange and size exclusion chromatography
and then by ion-exchange FPLC. CM-Biogel A chromatog-
raphy with 20 mM MES buffer (pH 6.0) as an eluent allowed
the separation of acidic proteins (in the column void volume)
from basic ones (adsorbed to the resin). Zymogram analysis
showed the presence of xylanase activity at 22 kDa in the
adsorbed and NaCl-eluted protein fractions. Gel filtration
chromatography of these fractions allowed the separation of
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FIG. 2. Effects of temperature on the activity of xylanases X34C
(0), X34E (A), and X22 (a). The enzyme activities were assayed at
the temperatures indicated as described in Materials and Methods
for each enzyme.
two main xylanase activity peaks. The second main peak
with apparently no protein, but containing the xylanase X22
as confirmed by zymogram analysis, was subjected to a first
step of cation-exchange FPLC. Rechromatography of a peak
exhibiting high xylanase activity gave a single symmetric
peak which, when analyzed by SDS-PAGE, showed a band
of about 22 kDa (Fig. 1B). IEF gels showed an unique band
with a pl of 9 (results not shown). The specific activity of
pooled fractions containing the enzyme was increased four-
fold over that of the crude concentrate, and the recovery of
activity was about 1% (values similar to those calculated for
the other two enzymes).
Characterization of xylanases X34C, X34E, and X22. The
molecular masses of xylanases X34C, X34E, and X22 as
deduced by SDS-PAGE were 34, 34, and 22 kDa, respec-
tively. These three xylanases were alkaline with pIs of
greater than 9. The pl of xylanase X34C was 9.3 as deduced
by IEF gels. The pl of the pure X34E xylanase could not be
accurately measured because its value (pI > 9.3) was very
near to the alkaline end of the current precast electrofocus-
ing gels. The pI of X22 xylanase was 9.
The effect of temperature on the activity of the xylanases
(Fig. 2) was studied as described in Materials and Methods.
Xylanase X34C has a temperature optimum of 45°C. The
assays of thermostability showed that this enzyme lost 70%
of its activity after 30 min at 55°C and the rest in 2 h of
incubation at this temperature. After 15 h at 45°C, the
enzyme retained 60% of the activity. The activity of the
X34E enzyme reached a maximum in the temperature range
from 50 to 62°C. This xylanase retained its activity without
any significant decrease during 15 h at 50°C and only lost
12% of activity after 4 h at 55°C. The temperature optimum
for xylanase X22 was 55°C. After 30 min of incubation at
55°C, the enzyme lost 60% of its activity, and after 4 h of
incubation, it retained less than 10% of activity. The enzyme
was more stable at 45°C, and it retained 50% activity after 2
h of incubation at this temperature.
0 2 4 6 8 10 12
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FIG. 3. Effects ofpH on the activity of xylanases X34C (0), X34E(A), and X22 (E). The enzyme activities were assayed at the pHs
indicated with a universal buffer system (20). The conditions of
temperature and incubation time were the adequate amount for each
enzyme as described in Materials and Methods.
The effect of pH on X34C, X34E, and X22 activity is shown
in Fig. 3. Xylanase X34C exhibited an activity maximum in
the pH range from 6.0 to 7.0 at 45°C. For xylanase X34E at
a temperature of 50°C, the activity maximum was found in
the 4.0 to 6.0 pH range. Xylanase X22 showed an activity
optimum in the pH range from 6.0 to 7.0 at 550C.
The data of the effect of substrate concentration (xylan) on
the activity of xylanases X34C, X34E, and X22 were plotted
according to the Lineweaver-Burk and Hanes-Woolf plots.
Michaelis-Menten parameters derived from both the above
plots were fairly coincident. Table 1 summarizes the data
obtained from Hanes-Woolf plots for the three enzymes on
two substrates, oat spelts xylan and birchwood xylan. The
substrate concentration dependence of the xylanases X34C
and X22 showed a decrease in the rates at substrate concen-
trations higher than 15 and 30 mg ml-1 for the first and the
second enzyme, respectively; therefore, the above kinetic
data for these activities only consider the values correspond-
ing to substrate concentrations below the inhibitory concen-
tration in each case. Experiments performed in order to see
a putative inhibition effect of xylose or xylobiose on the
activities of both xylanases did not show a decrease in the
activity of X34C enzyme on remazol brilliant blue xylan for a
concentration range from 0.05 to 1 mg ml-' for both sugars
(results not shown). In case of xylanase X22, xylose did not
TABLE 1. Kinetic parameter values of the purified xylanases and
two distinct xylan substrates
V.., (U mg-,) Km (mg ml-')
Xylanase
Oat spelts Birchwood Oat spelts Birchwood
X34C 14.9 16.1 3.4 0.65
X34E 85.5 62.0 2.4 6.3
X22 64.0 150.6 1.9 0.32
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TABLE 2. Substrate specificities of purified xylanases
Sp act (U mg-l)b
Substratea
X22 X34C X34E
Oat spelts xylan 54.4 10.0 67.5
Sparto grass xylan 67.6 15.1 29.8
Arabinoxylan 39.5 11.0 30.0
Birchwood xylan 123.8 13.3 20.6
Methylglucuronoxylan 66.9 12.7 7.0
Acetylxylan 13.2 0.9 0.0
CM-cellulose ND 0.30 ND
Barley f-glucan ND 2.77 0.45
Arabinan ND ND ND
MUX ND ND 0.04
MUAp ND ND ND
PNPX ND 0.07 0.07
PNPAf ND ND ND
a See Materials and Methods for descriptions of substrates.
b ND, not detected.
show effect on activity, and xylobiose only produced a
decrease of about 20% in the activity at concentrations
higher than 0.5 mg ml-'.
Substrate specificity. The activities of purified xylanases on
several substrates were tested. When polysaccharides were
used, the activity was determined by the release of reducing
sugars. The synthetic substrates p-nitrophenyl and 4-meth-
ylumbelliferyl derivatives were assayed as described in
Materials and Methods. Table 2 summarizes the results
obtained.
Hydrolysis of different xylans and xylooligosaccharides by
xylanases X34C, X34E, and X22. Products from the hydrolysis
of xylans from different sources by these xylanases were
analyzed by HPLC (Fig. 4). The patterns of hydrolysis
products of xylanases X34C and X34E on oat spelts, sparto
grass, and wheat flour xylans were very similar, and patterns
of hydrolysis products on birchwood xylan and 4-0-methyl-
D-glucurono-D-xylan were different. Small quantities of xy-
lose and xylose oligosaccharides were released from acety-
lated oat spelts xylan by those enzymes. The major products
of hydrolysis of birchwood and 4-methyl-D-glucurono-D-
xylans were xylose and xylobiose, but a small xylotriose
peak is detected. The major products of hydrolysis of the
other nonacetylated xylans were also xylose and xylobiose,
but the release of larger xylose oligosaccharides was propor-
tionally higher. However, there was a small peak with a
retention time between that of xylose and xylobiose only in
case of substrates degraded by xylanase X34C. The profiles
of xylan hydrolysis products by xylanase X22 were very
similar with all kind of xylans used. The major product was
xylotriose and higher xylooligomers. Small quantities of
xylobiose but no xylose was released from xylans.
Xylan hydrolysis experiments in which two enzymes were
included in the reaction mixtures were also performed. The
pattern of hydrolysis products when X34E and X22 enzymes
were combined was similar to that obtained with X34E
enzyme alone for oat spelts and birchwood xylans (the only
two substrates tested), but the release of xylose and xylobi-
ose was markedly much higher (results not shown). The
effect of both enzymes in xylan degradation was additive,
and no synergy was detected in activity of the enzymes
measured as release of reducing sugars in short-time (up to
30 min) reaction experiments.
The products of hydrolysis of xylooligosaccharides were
also analyzed by HPLC (results not shown). Xylanase X34E
20 0 E
Time (min)
FIG. 4. HPLC analysis of xylan hydrolysis products. (A and B)
Controls of nonhydrolyzed substrate. Oat spelts xylan (A, C, E, and
G) or birchwood xylan (B, D, F, and H) were the substrates
degraded by xylanases X22 (C and D), X34C (E and F), and X34E (G
and H). Changes in refractive index were detected. Symbols: 1,
xylose; 2, xylobiose; 3, xylotriose; 4, xylotetraose.
had no activity on xylobiose but partially hydrolyzed xylot-
riose (about 30% of the substrate in 20 h of incubation of
reaction mixtures) to xylobiose and xylose, and it was able
to degrade almost all the xylotetraose to xylotriose, xylobi-
ose, and xylose. The proportion of xylose plus xylotriose
liberated from xylotetraose was slightly lower than that of
xylobiose. Xylanase X34C showed a very similar xylooli-
gosaccharide hydrolysis profile, but as could be seen for
xylan hydrolysis patterns (Fig. 4), a peak with a retention
l
APPL. ENvIRON. MICROBIOL.
ALKALINE XYLANASES FROM B. POLYMYXA 1381
time between those of xylose and xylobiose was detected.
Xylobiose was also not degraded by xylanase X22, and
xylotriose and xylotetraose were hydrolyzed to a very low
extent.
DISCUSSION
From this work, the known spectrum of xylanase activi-
ties from Bacillus spp. is substantially broadened. Three
basic xylanases have been detected: two new xylanases of 34
kDa, which have been purified to homogeneity and charac-
terized, and a very active xylanase of 22 kDa, already
detected in B. polymyxa and other Bacillus species (2, 6, 12,
13). This enzyme has also been purified to homogeneity and
characterized. The specific activity values of these enzymes
are similar to those found for xylanase activities in other
bacteria (1, 9, 11, 13).
Xylanases X34C and X34E are two closely related en-
zymes. Protease digestion of both proteins with trypsin and
protease V8 from Staphylococcus aureus gave peptide maps
identical for both xylanases (results not shown). Both pro-
teins also had the same molecular mass but different pIs, as
observed by IEF analysis and ion-exchange FPLC. They
seem to be isoforms of the same enzyme and could be
encoded by two distinct, but closely related, genes or by a
unique gene. If both proteins were expressed by one gene,
one of them could be a product of proteolytic digestion of the
other or both proteins could be the result of differential
processing of the same precursor. In any case, the length of
the peptide chain should not vary greatly, as the electro-
phoretic mobility of tryptic peptides and proteins in SDS-
PAGE was the same for both enzymes. Multiple xylanase or
cellulase activities with some differential characteristics as a
result of proteolytic digestion could permit the microorgan-
ism to adapt to environmental conditions or the ability to
degrade different substrates (21).
Xylose is, together with xylobiose, a major product of the
hydrolysis of xylans from different sources by xylanases
X34C and X34E. The release of xylose has also been reported
for xylanases from several microorganisms (21). Usually
these enzymes do not hydrolyze xylobiose, or they show no
activity on PNPX or MUX. Although both xylanases X34C
and X34E are unable to hydrolyze xylobiose, they exhibit a
low activity on MUX and/or PNPX. Similar substrate profile
has been reported for an endoxylanase from Ruminococcus
flavefaciens 17 (7). Xylose was not an end product of xylan
hydrolysis by xylanase X22. The behavior of this enzyme on
the different xylans used as substrates resembles that of
typical endoxylanases.
When the endo-type xylanase X22 is combined with xyla-
nase X34E for xylan hydrolysis, xylose and xylobiose are
released in high quantities. The X34E enzyme seems to have
an exo-type mode of action, and the action of the extremely
active enzyme X22 could liberate xylooligomers increasing in
this way the concentration of potential substrates of X34E
enzyme. The hydrolysis of xylooligosaccharides by xylanase
X34E confirms the exo-type mode of action of this enzyme.
It is able to degrade almost completely xylotetraose and
xylotriose with release of xylobiose and xylose, whereas X22
enzyme does not seem to act on these short xylooligomers.
Arabinose was not detected among the hydrolysis products
of enzymes X34C, X34E, and X22 on the different xylans used
as substrates; therefore, they were most probably nonde-
branching endoxylanases (5).
From the substrate specificity and xylan hydrolysis prod-
uct profiles of the xylanases studied here, it could be
concluded that these enzymes are able to cleave mainly the
,B-(1,4)xylosidic linkage but not other glycosidic linkages,
although X34C and X34E showed a low activity on carboxy-
methyl-cellulose and/or barley P-glucan. The presence of
substituents in the xylan backbone clearly affects the activity
of the enzymes measured by the release of reducing sugars.
In the case of highly acetylated oat spelts xylan, this effect is
maximum. The nature and number of the substituents should
be important in the access of the enzymes to the 3-(1,4)xy-
losidic linkages. The release of xylooligomers higher than
xylobiose from arabinoxylans (from oat spelts, wheat flour,
and sparto grass) indicates that the enzymes could not be
able to cleave close to the arabinofuranosil substitutions,
and it could be that some of the hydrolysis products are
substituted xylooligomers.
ACKNOWLEDGMENTS
We are grateful to Jose L. Pehia for his efficient cooperation in the
production of the xylanolytic complex and the preparation of
graphics.
This research was supported by grants Bio/88-0217 and ALI91-
0336 from Comisi6n Interministerial de Ciencia y Tecnologia (CI-
CyT) of the Spanish Government.
REFERENCES
1. Bachmann, S. L., and A. J. McCarthy. 1991. Purification and
cooperative activity of enzymes constituting the xylan-degrad-
ing system of Thermomonospora fusca. Appl. Environ. Micro-
biol. 57:2121-2130.
2. Bernier, R., Jr., M. Desrochers, L. Jurasek, and M. G. Paice.
1983. Isolation and characterization of a xylanase from Bacillus
subtilis. Appl. Environ. Microbiol. 46:511-514.
3. Biely, P. 1985. Microbial xylanolytic systems. Trends Biotech-
nol. 3:286-290.
4. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye-binding. Anal. Biochem. 72:248-254.
5. Dekker, R. H. F., and G. N. Richards. 1976. Hemicellulases:
their occurrence, purification, properties and mode of action.
Adv. Carbohydr. Chem. Biochem. 32:277-352.
6. Esteban, R., A. Chordi, and T. G. Villa. 1983. Some aspects of
a 1,4-0-D-xylanase and a ,3-D-xylosidase secreted by Bacillus
coagulans strain 26. FEMS Microbiol. Lett. 17:163-166.
7. Flint, H. J., C. A. McPherson, and J. Martin. 1991. Expression
of two xylanases from the rumen cellulolytic bacterium Rumi-
nococcus flavefaciens 17 cloned in pUC13. J. Gen. Microbiol.
137:123-129.
8. Gosalbes, M. J., J. A. Perez-Gonzalez, R. Gonzalez, and A.
Navarro. 1991. Two 3-glycanase genes are clustered in Bacillus
polymyxa: molecular cloning, expression and sequence analysis
of genes encoding a xylanase and an endo-,-(1,3)-(1,4)-gluca-
nase. J. Bacteriol. 173:7705-7710.
9. Kluepfel, D., N. Daigneault, R. Morosoli, and F. Sharek. 1992.
Purification and characterization of a new xylanase (xylanase C)
produced by Streptomyces lividans 66. Appl. Microbiol. Bio-
technol. 36:626-631.
10. Madarro, A., J. L. Pefia, J. L. Lequerica, S. Valles, R. Gay, and
A. Flors. 1991. Partial purification and characterization of the
cellulases from C. cellulolyticum H 10. J. Chem. Technol.
Biotechnol. 52:393-406.
11. Matte, A., and C. W. Forsberg. 1992. Purification, characteriza-
tion, and mode of action of endoxylanases 1 and 2 from
Fibrobacter succinogenes S85. Appl. Environ. Microbiol. 58:
157-168.
12. Paice, M. G., R. Bourbonnais, M. Desrochers, L. Jurasek, and
M. Yaguchi. 1986. A xylanase gene from Bacillus subtilis:
nucleotide sequence and comparison with B. pumilus gene.
Arch. Microbiol. 144:201-206.
13. Panbangred, W., A. Shinmyo, S. Kinoshita, and H. Okada. 1983.
Purification and properties of endoxylanase produced by Bacil-
VOL. 59, 1993
1382 MORALES ET AL. APPL. ENVIRON. MICROBIOL.
lus pumilus. Agric. Biol. Chem. 47:957-963.
14. Pifiaga, F., J. L. Pefia, and S. Valles. Xylanase production by
Bacillus polymyxa. J. Chem. Technol. Biotechnol., in press.
15. Robson, L. M., and G. H. Chambliss. 1984. Characterization of
the cellulolytic activity of a Bacillus isolate. Appl. Environ.
Microbiol. 47:1039-1046.
16. Sandhu, J. S., and J. F. Kennedy. 1984. Molecular cloning of
Bacillus polymyxa (1-4)-p-D-xylanase gene in Escherichia coli.
Enzyme Microbiol. Technol. 6:271-274.
17. Sandhu, J. S., and J. F. Kennedy. 1986. Molecular cloning of the
gene for P-D-xylosidase of Bacilluspolymyxa and its expression
in Escherichia coli. Enzyme Microbiol. Technol. 8:677-680.
18. Smith, B. J. 1984. SDS polyacrylamide electrophoresis of pro-
teins, p. 41-45. In J. M. Walker (ed.), Methods in molecular
biology, vol. 1. Humana Press, Clifton, N.J.
19. Somogyi, N. 1952. Notes on sugar determination. J. Biol. Chem.
195:19-23.
20. Stauffer, C. E. 1989. Effect of pH on activity, p. 77. In C. E.
Stauffer (ed.), Enzyme assays for food scientists. Van Nostrand
Reinhold, New York.
21. Wong, K. K. Y., L. U. L. Tan, and J. N. Saddler. 1988.
Multiplicity of 3-1,4-xylanases in microorganisms: functions
and applications. Microbiol. Rev. 52:305-317.
22. Yang, R. C. A., C. R. MacKenzie, D. Bilous, V. L. Seligy, and
S. A. Narang. 1988. Molecular cloning and expression of a
xylanase gene from Bacilluspolymyxa in Escherichia coli. Appl.
Environ. Microbiol. 54:1023-1029.
